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REDUCTION OF CARROT DEFECTS IN SILICON CARBIDE EPITAXY 

 

Statement of Government Support 

 The present invention was made, at least in part, with government support 

under Office of Naval Research Contract No. N00014-02-C-0302.  The United States 

government has certain rights to this invention. 

5 

 

Field of the Invention 

The present invention relates to epitaxial deposition processes and, more 

particularly, to methods for depositing an epitaxial film of silicon carbide on a 

substrate and resulting epitaxial structures. 

10 

 

Background of the Invention 

 Deposition systems and methods are commonly used to form layers of 

semiconductor materials, such as thin epitaxial films, on substrates.  For example, a 

chemical vapor deposition (CVD) reactor system and process may be used to form a 

layer of semiconductor material such as silicon carbide (SiC) on a substrate.  CVD 

processes may be particularly effective for forming layers with controlled properties, 

thicknesses, and/or arrangements such as epitaxial layers.  Typically, in a deposition 

system, such as a CVD system, the substrate is placed in a reaction chamber within a 

susceptor and one or more process gases including reagents or reactants to be 

deposited on the substrate are introduced into the chamber adjacent the substrate.  The 

process gases may be flowed through the reaction chamber in order to provide a 

uniform or controlled concentration of the reagents or reactants to the substrate.    

15 
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 A deposition system, such as a CVD reactor, may be used to form epitaxial 

layers of silicon carbide on a single crystal silicon carbide substrate having a 

predetermined polytype such as 2H, 4H, 6H, 15R, 3C and the like.  The term 

"polytype" refers to the ordering and arrangement of layers of atoms within a crystal 

structure.  Thus, although the different polytypes of silicon carbide are 

stoichiometrically identical, they possess different crystal structures and consequently 

have different material properties such as carrier mobility and breakdown field 

strength.  The letters H, R and C refer to the general crystal structure of the polytype, 

namely, hexagonal, rhombohedral and cubic, respectively.  The numbers in the 

polytype designations refer to the repetition period of layer arrangements.  Thus, a 4H 
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crystal has a hexagonal crystal structure in which the arrangement of atoms in a 

crystal repeats every four bi-layers. 

 Figure 9 illustrates a hexagonal unit cell of a hypothetical crystal.  The unit 

cell 60 includes a pair of opposing hexagonal faces 61A, 61B. The hexagonal faces 

are normal to the c-axis, which runs along the 0001  direction as defined by the 

Miller-Bravais indexing system for designating directions in a hexagonal crystal.  

Accordingly the hexagonal faces are sometimes called the c-faces which define the c-

planes or basal planes of the crystal.  Planes which are perpendicular to the c-plane 

are referred to as prismatic planes. 

5 

10 

15 

20 

25 

 Silicon carbide possesses a number of advantageous physical and electronic 

characteristics for semiconductor performance and devices. These include a wide 

bandgap, high thermal conductivity, high saturated electron drift velocity, high 

electron mobility, superior mechanical strength, and radiation hardness.   However, 

the presence of crystalline defects in silicon carbide films may limit the performance 

of electronic devices fabricated in the films, depending on the type, location, and 

density of the defects.  Accordingly, significant research has focused on reducing 

defects in silicon carbide films.  Certain defects, such as micropipes, are known to 

severely limit and even prevent device performance.  Other defects, such as threading 

defects, are not considered to be electrically active, and therefore may not be 

detrimental to device performance, at densities normally found in epitaxial films. 

 For applications where a high voltage blocking capability is required (for 

example power switching applications), silicon carbide films are usually grown "off-

axis."  That is, the substrate crystal is sliced at an angle that is slightly oblique to the 

normal crystal axis (called the c-axis).  Taking for example a hexagonal polytype such 

as 4H or 6H, the oblique angle of the cut may be made in one of the standard 

crystallographic directions illustrated in Figure 10, namely the 0211  direction 

(towards a point of the hexagonal unit cell) or 0110  direction (towards the center of 

a flat side of the hexagonal unit cell), or along a different direction. 

  Thus when an epitaxial layer is grown on the substrate, the deposited atoms 

bond to atoms at the exposed edges of the crystal layer steps, which causes the steps 

to grow laterally in so-called step-flow fashion.  Step-flow growth is illustrated in 

30 

 
- 2 - 



Attorney Docket No. 5308-395 
 

Figure 11.  Each layer or step grows in the direction in which the crystal was 

originally cut off-axis (the 0211  direction in the case illustrated in Figure 11).   

 Surface morphological defects, i.e. defects in the shape of the surface of an 

epitaxial film, have been observed in silicon carbide epitaxial layers using 

conventional imaging techniques such as Transmission Electron Microscopy (TEM) 

and Nomarski microscopy.  Surface morphological defects are generally considered to 

be caused by crystallographic defects in the material.  Accordingly, research into the 

cause of surface morphological defects generally focuses on the physics of crystal 

growth. 
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 Surface morphological defects are generally classified in accordance with their 

physical appearance.  Thus, such defects have been classified as "comet", "carrot" and 

"triangular" defects based on their appearance under a microscope.  Carrot defects are 

roughly carrot-shaped features in the surface of the silicon carbide film.  The features 

are aligned along the step flow direction of the film, and are characteristically longer 

than the depth of the layer in which they are formed.  For example, a film having a 

thickness of 40 µm may contain carrot defects having a length of around 250 µm 

depending on the off-axis angle.  The mechanism by which carrot defects form is 

currently unknown.  Wahab et al. speculate that carrot defects are caused by perfect 

screw dislocations which are pinned to the surface of the substrate during growth, and 

that the dislocation dissociates into partials that propagate in the basal plane and form 

partial ledges in the film.  Wahab et al., "Influence of epitaxial growth and substrate 

induced defects on the breakdown of 4H-SiC Schottky diodes," Appl. Phys. Let. Vol. 

76 no. 19, pp. 2725-2727 (2000).   While Wahab et al. reported that carrot defects 

were not harmful to the absolute breakdown voltage of Schottky diodes, reverse 

leakage current was increased by the presence of carrot defects.  Carrot defects may 

have deleterious effects on other device properties as well, particularly when the 

defect is located at a sensitive location, such as under the edge of a Schottky contact. 

 Thus, it would be desirable to reduce or minimize the concentration of carrot 

defects found in epitaxial films of silicon carbide. 

 

Summary of the Invention 

 Some embodiments of the present invention, provide for manufacturing a 

single crystal silicon carbide epitaxial layer on an off-axis substrate by placing the 
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substrate in an epitaxial growth reactor, growing a first layer of epitaxial silicon 

carbide on the substrate, interrupting the growth of the first layer of epitaxial silicon 

carbide, etching the first layer of epitaxial silicon carbide to reduce the thickness of 

the first layer, and growing a second layer of epitaxial silicon carbide on the first layer 

of epitaxial silicon carbide.  Growing a first layer of epitaxial silicon carbide may 

include flowing silicon and carbon containing source gases over the substrate.  

Interrupting the growth of the first layer of epitaxial silicon carbide may include 

halting and/or reducing the flow of the source gases.  Etching the first layer of 

epitaxial silicon carbide may include flowing an etchant gas such as H

5 
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2, HCl, Ar, Cl2 

and/or a carbon-containing gas such as propane over the substrate.  Carrot defects 

which originate at the substrate/epitaxy interface may be terminated by the process of 

interrupting the epitaxial growth process, etching the grown layer and regrowing a 

second layer of epitaxial silicon carbide.  The process of growth 

interruption/etching/growth may be repeated multiple times. 

 In certain embodiments of the present invention, a silicon carbide epitaxial 

layer having at least one carrot defect that is terminated within the epitaxial layer is 

provided.   

 Further embodiments of the invention provide a semiconductor structure that 

includes an off-axis silicon carbide substrate, an epitaxial layer of silicon carbide on 

the substrate, and a carrot defect having a nucleation point in the vicinity of an 

interface between the substrate and the epitaxial layer, wherein the carrot defect is 

terminated within the epitaxial layer. 

 

Brief Description of the Drawings 

Figure 1 is a schematic view of a deposition system according to some 

embodiments of the present invention; 

25 

30 

Figure 2 is a cross section of a susceptor assembly forming a part of the 

deposition system of Figure 1; 

Figure 3 is a plan view of a carrot defect in a silicon carbide epitaxial layer; 

Figure 4 is a schematic side view of carrot defects formed in a silicon carbide 

epitaxial layer; 

Figure 5 is a Nomarski micrograph of a pair of carrot defects in a silicon 

carbide epitaxial layer;  
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Figure 6 is a schematic side view of carrot defects formed in a silicon carbide 

epitaxial layer;   

Figures 7(A)-(D) are micrographs of carrot defects in silicon carbide layers 

after KOH etching. 

Figure 8 is a histogram showing the effects of embodiments of the invention; 5 

10 

Figure 9 is a schematic diagram of a hexagonal crystal unit cell structure; 

Figure 10 is a top view of a hexagonal unit cell illustrating standard 

crystallographic directions; and 

Figure 11 is a schematic side view of an off-axis silicon carbide crystal. 

 

Detailed Description of the Preferred Embodiments 

The present invention will now be described more fully hereinafter with 

reference to the accompanying drawings, in which embodiments of the invention are 

shown.  This invention may, however, be embodied in many different forms and 

should not be construed as limited to the embodiments set forth herein.  Rather, these 

embodiments are provided so that this disclosure will be thorough and complete, and 

will fully convey the scope of the invention to those skilled in the art.  In the 

drawings, the relative sizes of regions or layers may be exaggerated for clarity.  It will 

be understood that when an element such as a layer, region or substrate is referred to 

as being "on" another element, it can be directly on the other element or intervening 

elements may also be present.  In contrast, when an element is referred to as being 

"directly on" another element, there are no intervening elements present.  Like 

numbers refer to like elements.  As used herein the term "and/or" includes any and all 

combinations of one or more of the associated listed items. 

15 
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It will be understood that although the terms first and second may be used 

herein to describe various elements, components, regions, layers, and/or sections, 

these elements, components, regions, layers, and/or sections should not be limited by 

these terms. These terms are only used to distinguish one element, component, region, 

layer, or section from another region, layer, or section. Thus, a first region, layer, or 

section discussed below could be termed a second region, layer, or section, and 

similarly, a second without departing from the teachings of the present invention. 

A deposition system 101 in which embodiments of the present invention may 

be practiced is schematically shown in plan view in Figure 1.  The deposition system 

101 may be a horizontal, hot wall, flow through, CVD system as shown including a 
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susceptor assembly 100, a quartz tube 180 defining a through passage 180A, an 

electromagnetic frequency (EMF) generator 182 (for example, including a power 

supply and an RF coil surrounding the tube 180) and a process gas supply 160.  An 

insulative cover may be provided about the susceptor assembly 100 in addition to or 

in place of the quartz tube 180.  The deposition system 101 may be used to form a 

layer or film on a substrate 20 (Figure 2).  While only a single substrate 20 is 

illustrated in Figure 2, the system 101 may be adapted to form films concurrently on 

multiple substrates 20.   

5 
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The substrate 20 may be a wafer or other structure formed of the same or a 

different material than that of the layer to be deposited.  The substrate 20 may be 

formed of, for example, SiC, sapphire, a Group III nitride, silicon, germanium, and/or 

a III-V or II-VI compound or interalloy, or the like.  The substrate surface upon which 

the film is deposited may be a base substrate or a first or subsequent layer 

superimposed on a base substrate.  For example, the surface of the substrate 20 for 

receiving the deposited film may be a layer previously deposited using the deposition 

system 101 or an alternative apparatus.  As will be appreciated by those of skill in the 

art in light of the present disclosure, embodiments of the present invention may be 

advantageously utilized with semiconductor materials other than those specifically 

mentioned herein.   

Generally, the process gas supply 160 supplies a process gas into and through 

the susceptor assembly 100 as discussed below.  The EMF generator 182 inductively 

heats the susceptor assembly 100 to provide a hot zone in the susceptor assembly 100 

where deposition reactions take place.  The process gas continues through and out of 

the susceptor assembly 100 as an exhaust gas that may include remaining components 

of the process gas as well as reaction by-products, for example.  Embodiments of the 

present invention may be used in types of deposition systems other than hot wall CVD 

systems.  Other modifications to the systems and methods of the present invention 

will be apparent to those of ordinary skill in the art upon reading the description 

herein. 

The process gas includes one or more components such as reagents, reactants, 

species, carriers and the like.   Where it is desired to form a SiC layer on a substrate, 

the process gas may include precursor gases such as silane (SiH4) and propane (C3H8) 

along with a carrier gas such as purified hydrogen gas (H2).  The process gas supply 
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160 may be provided from one or more pressurized containers of the gases with flow 

control and/or metering devices as needed. 

An exemplary conventional susceptor 100 is shown in Figure 2. The susceptor 

100 may be used, for example, in a flow through, hot wall, CVD reactor.  The 

susceptor 100 has a top susceptor member 100A and a bottom susceptor member 

100B.  The susceptor 100 also has a top liner 103 and a bottom liner 105 defining a 

reaction chamber 107 therebetween.  A substrate 20, such as a semiconductor wafer, 

is positioned in the reaction chamber 107 and may be situated on an interior surface of 

a platter (which may rotate), for example.  A process gas P is introduced to the 

reaction chamber 107 at one end, flowed through the reaction chamber 107 past the 

substrate 20, and finally exhausted from the reaction chamber 107 at the opposite end.  

As used herein, the term process gas refers to one or more gases.  As indicated by the 

arrows in the reaction chamber 107 as shown in Figure 2, as the process gas flows 

through the reaction chamber 107 a portion of the process gas may contact the 

substrate 20 as intended and thereby deposit the reagents or reactants on the substrate 

20 to form a layer thereon.  In some systems, the reaction chamber 107 may have a 

length of between about 0.1 and 1 meter, a width of between about 0.05 and 0.5 

meter, and a height of between about 1 and 10 cm.  The reaction chamber 107 is not 

limited to these dimensions, however.  The susceptor members may include high 

quality graphite.  Examples of CVD deposition systems including improved susceptor 

designs are found in U.S. Patent Publication No. US 2003/0079689 entitled 

"Induction Heating Devices and Methods for Controllably Heating an Article" and 

U.S. Patent Application Ser. No. 10/414,787 entitled "Methods and Apparatus for 

Controlling Formation of Deposits in a Deposition System and Depositions Systems 

and Methods Including the Same" both of which are incorporated herein by reference 

in their entireties. 
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In certain embodiments, the susceptor members 100A, 100B are formed of a 

material suitable to generate heat responsive to eddy currents generated therein by the 

EMF generator 182, such materials and inductive heating arrangements being well 

known to those of skill in the art.  The members may be formed of graphite, and more 

preferably of high purity graphite. 

A platter 154 or the like may be situated between the bottom member 100B 

and the substrate 20 to support the substrate 20.  According to some embodiments, the 

platter 154 may be rotatively driven by a suitable mechanism (not shown).  For 
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example, the system may include a gas-driven rotation system as described in 

Applicant's U.S. Application Serial No. 09/756,548, titled Gas Driven Rotation 

Apparatus and Method for Forming Silicon Carbide Layers, filed January 8, 2001, 

and/or as described in Applicant's U.S. Application Serial No. 10/117,858, titled Gas 

Driven Planetary Rotation Apparatus and Methods for Forming Silicon Carbide 

Layers, filed April 8, 2002, the disclosures of which are hereby incorporated herein by 

reference in their entireties.  Alternatively, the platter 154 may be stationary.  The 

platter 154 may be adapted to hold one or multiple substrates 20.  The platter 154 may 

be formed of any suitable material such as SiC coated graphite, solid SiC and/or solid 

SiC alloy.  The platter 154 may be omitted such that the substrate rests on the bottom 

member 140, the liner 105, or other suitable support. 
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In use, the process gas supply 160 supplies a flow of the process gas P to the 

reaction chamber 107 through the inlet opening 102.  The process gas P flows 

generally in a flow direction R.  As shown, some portion of the process gas and the 

reagents therein contact the substrate 20 to form the desired layer (e.g., an epilayer) 

on the exposed surface of the substrate 20. 

While the foregoing deposition system 101 and methods are described as 

relating to a horizontal, hot wall, CVD, flow through deposition process, various 

aspects of the present invention may be used in other types of deposition systems and 

processes.  While particular embodiments have been described with reference to 

"top", "bottom" and the like, other orientations and configurations may be employed 

in accordance with the invention.  For example, the deposition system and process 

may be a cold wall and/or non-horizontal flow through system and process.  The 

deposition system and process may be a vapor phase epitaxy (VPE), liquid phase 

epitaxy (LPE), or plasma enhanced CVD (PECVD) deposition system and process 

rather than a CVD system or process.   

As discussed above, surface morphological defects known as carrot defects 

may form in silicon carbide epitaxial films.  Figure 3 is an optical image showing a 

carrot defect in a silicon carbide epitaxial layer.  The defect appears as a carrot-shaped 

ridge in the surface of the material.  Although the precise mechanism is unknown, it is 

presently believed that most, if not all, carrot defects form at the interface between the 

substrate and the epitaxial layers and then propagate through epitaxial growth.  Okada 

et al. report that carrot defects are characterized by several sets of stacking faults on 

the (0001) plane at their termination, and observed partial dislocations bounding the 
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stacking faults.  Okada et al., "Crystallographic defects under surface morphological 

defects of 4H-SiC homoepitaxial films," ICSCRM 2003 Poster Session. The inventors 

have found that carrot defects tend to form at or near regions in which a high density 

of threading dislocations is present, such as may be present at the interface between a 

crystal substrate and an epitaxial layer.  Carrot defects appear to propagate as stacking 

faults in prismatic planes which grow in stepwise fashion in the direction of the 

crystal off-cut. Viewed from the side, the defects appear as triangular stacking faults 

having a vertex at the substrate/epitaxy interface and an opposite side on the growth 

surface. 

5 
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15 

The formation of carrot defects is illustrated schematically in Figure 4, which 

shows a substrate 10 on which an epitaxial layer 20 has been formed.  Carrot defects 

A1 and B1 are present in the epitaxial layer 20.   As the time scale adjacent the figure 

indicates, epitaxial growth of layer 20 is initiated at time t0 and terminated at time t2.  

Carrot defect A1 nucleates at point X at the interface 12 and propagates upward as the 

epitaxial layer 20 grows.   As illustrated in Figure 4, carrot defect A1 is bounded on 

one side by a threading dislocation 31 in the 0001  direction and by a basal plane 

dislocation 32 aligned in the 0211  direction.  When the epitaxial growth is 

terminated at time t2, the carrot defect extends along the surface of the epitaxial layer 

20 from point Y to point Z.  For ease of reference, the corresponding endpoints Y and 

Z are labeled on the defect shown in Figure 3. 20 

25 

30 

As seen in Figure 4, the length of the surface feature of the carrot defect is 

related to the thickness of the epitaxial layer and the off-axis angle α illustrated in 

Figure 11.  In fact, the length of a carrot defect in the growth plane is inversely 

proportional to the tangent of the off-axis angle α.   

In typical epitaxial growth systems that do not utilize the present invention, it 

is common to have a density of carrot defects in excess of 2.5 per square centimeter.  

The inventors have discovered that the density of carrot defects in an epitaxial layer of 

silicon carbide may be reduced by arresting the propagation of such defects during 

epitaxial growth.  According to some embodiments of the present invention, 

propagation of carrot defects may be arrested by halting and/or reducing the flow of 

silicon and carbon source gases during normal epitaxial growth, etching a 

predetermined thickness of the grown epitaxial layer and resuming the flow of silicon 

and carbon source gases to resume growth of the epitaxial layer to the desired ultimate 
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thickness.  The process of etching and growing silicon carbide may be performed 

once or may be repeated multiple times. 

When the flow of reaction gases is halted, the carrier or other gases still 

flowing tend to etch the epilayers that have been grown on the substrate 20.  

Additionally, etchant gases may be introduced into the reaction chamber during the 

growth interruption.  Accordingly, the process according to embodiments of the 

present invention may be carried out in-situ within the epitaxial deposition chamber.  

This result may have multiple benefits: the process may be carried out without 

removing the substrate from the growth chamber, which may be time consuming and 

potentially exposes the substrate to contamination; the process may be carried out 

without requiring additional equipment or facilities; and the process can be carried out 

without significantly reducing material throughput.  Furthermore, in particular 

embodiments of the present invention, the first and second growth processes are 

carried out without an intervening growth process. 
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Despite the advantages of performing the etch in-situ, it may be necessary or 

desirable to remove the substrate from the epitaxial growth chamber and perform the 

etch in a separate system, particularly if the epitaxial deposition is done in a system 

other than a CVD system as described above.  Thus, the scope of the invention 

includes both in-situ and ex-situ etching of the epitaxial layer.  

In some embodiments, propagation of carrot defects is arrested within a highly 

doped buffer layer of the epitaxial structure, so that the carrot defects do not extend 

into more lightly doped layers that may, for example, form the active region of 

resulting devices.  In this manner, the effect of carrot defects on device performance 

can be reduced or minimized.  Moreover, by performing the etch/growth steps within 

a highly doped buffer layer, any deleterious effects of halting and restarting epitaxial 

growth may be reduced, minimized or even eliminated.  The ensuing epitaxial layers 

that are primarily responsible for device performance may have a lower defect density 

as a result of carrot defect termination. 

In specific embodiments, silicon carbide epitaxial growth is initiated to grow a 

highly doped buffer layer of silicon carbide.  For example, growth of a silicon carbide 

epitaxial layer doped with nitrogen, phosphorus, boron and/or aluminum at a 

concentration of about 1E18 cm-3 or greater is initiated by flowing appropriate source 

gases (e.g. silane, propane and a dopant gas) through a CVD reactor along with a 

carrier gas.  A first layer of silicon carbide is grown to a desired thickness.  In some 
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embodiments, the first layer is grown to a thickness of at least about 2.5 microns, 

however, the first layer may be grown thicker or thinner than 2.5 microns.  In a 

typical embodiment, the first layer is grown to a thickness of about 4 microns.  The 

source gases are then turned off or substantially reduced while the carrier gas 

continues to flow.  While the source gases are shut off, the etchant and/or carrier gas 

etches the first epitaxial layer to reduce the thickness of the first epitaxial layer.  The 

etchant gas may include H

5 
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2, HCl, Ar, Cl2 and/or a carbon-containing gas such as 

propane.  In the typical embodiment discussed above, the first epitaxial layer may, for 

example, be etched as much as about 3 microns.  The inventors have found that carrot 

defects may be arrested when the first epitaxial layer is etched by as little as 0.4 

microns.   

The flow of source gases is then resumed, and a second epitaxial layer is 

grown on the first epitaxial layer (or the growth of the first epitaxial layer is resumed).  

The steps of halting the source gases, etching the grown epitaxial layer and restarting 

the source gases may be repeated multiple times.  After the final etch step, the 

epitaxial layer may be capped with an additional epitaxial layer that, in some 

embodiments, includes about 2 microns of silicon carbide.  The remainder of the 

epitaxial layers of the structure may then be grown.  It has been found that by 

stopping the flow of source gases, etching the grown silicon carbide layer and 

growing additional silicon carbide on the etched surface, the majority of carrot defects 

propagating through the layer are terminated and do not continue to propagate in the 

subsequently grown layers. 

Referring again to Figure 4, carrot defect termination is illustrated 

schematically therein in the case of carrot defect B1.  As with carrot defect A1, carrot 

defect B1 originates at the interface 12 between substrate 10 and epitaxial layer 20.  

At a predetermined time after the initiation of growth, the flow of source gases is 

interrupted and growth of epitaxial layer 20 is halted.  The epitaxial layer 20 then 

starts to be etched.   After the epitaxial layer 20 is etched slightly, the flow of source 

gases is resumed at time t1, and growth of epitaxial layer 20 continues until time t2.  

As illustrated in Figure 4, the interruption of growth and etching of the epitaxial layer 

20 causes carrot defect B1 to terminate at interface 22. 

Although carrot defect B1 is still present in epitaxial layer 20, it may no longer 

affect the electrical characteristics of devices formed in subsequent epitaxial layers 

because it is terminated within the epitaxial layer 20.   Even though a terminated 
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defect such as carrot defect B1 may still give rise to a morphological feature on the 

surface of the epitaxial layer, the electrical impact of the defect may be minimized or 

eliminated. 

However, in certain embodiments of the present invention, not all carrot 

defects are eliminated by the method of the invention.  For example, as illustrated in 

Figure 4, some defects such as carrot defect A1 may continue to propagate through 

the growth interruption/etch/growth cycle at time t
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1.  Moreover, it is possible for new 

carrot defects to form after the growth interruption.  However, significant reduction in 

the number of carrot defects that propagate to the surface of the epitaxial layer can be 

obtained.   

Figure 5 is a Nomarski micrograph illustrating carrot defect termination 

according to aspects of the invention.  The figure shows the surface of a 40 micron 

thick epitaxial layer.  Two carrot defects are shown in close proximity in Figure 5.  

The lower carrot (B2) terminated at a growth interruption after 10 microns of growth.  

The upper carrot (A2) propagated through the entire 40 micron layer.  Again, even 

though a morphological feature is visible in connection with carrot defect B2, the 

electrically active portion of the defect does not extend to the surface of the layer.  

The endpoints Y, Z of defect A2 and endpoints Y*, Z* of defect B2 are labeled for 

ease of comparison with defects A1 and B1 in the schematic diagram of Figure 4. 

Other defect behavior has been observed.  As discussed above, new carrot 

defects may originate at the growth interruption/etch step, as illustrated by defect D1 

in Figure 6.  In addition, as indicated by defect C1 in Figure 6, the threading 

dislocation 41 in the 0001  may be converted during the interruption/etch step into a 

basal plane dislocation 43 which propagates in approximately the 0211  direction 

resulting in the shape illustrated.   25 

The defect behavior described above in connection with carrot defects A1, B1, 

C1 and D1 is illustrated in the micrographs of Figures 7(A), 7(B), 7(C) and 7(D).  In 

the process illustrated in Figures 7(A)-(D), a layer of silicon carbide was epitaxially 

grown on a bulk substrate off-cut at an angle of about eight degrees towards the 

0211  direction.  After 10 microns of growth, the flow of source gases was 

interrupted, and the layers were etched by about one-half micron.  Growth of the 

epitaxial layer was resumed, and the layer was grown an additional 30 microns.  The 

30 

 
- 12 - 



Attorney Docket No. 5308-395 
 

layer was then etched with molten KOH to highlight defects in the material.  Figures 

7(A)-(D) are micrograph images of the etched layers.   

Figure 7(A) illustrates a carrot defect similar to defect A1 that continued to 

propagate through the growth interruption/etch step.  The carrot defect extended a 

distance of 243 microns at the surface of the layer. 5 

10 

Figure 7(B) illustrates a carrot defect similar to defect B1 that was terminated 

at the growth interruption/etch step.  The carrot defect grew to a width of 62 microns 

before termination.  It is noteworthy that the KOH etch did not etch a deep trench 

where the morphological remnant of the carrot appears, which indicates that the 

prismatic stacking fault did not propagate to the surface of the epitaxial layer. 

Figure 7(C) illustrates a carrot defect similar to defect C1 that was modified 

at the growth interruption/etch step such that the threading dislocation in the 0001  

direction was converted to a dislocation propagating in approximately the 0211  

direction. 

Figure 7(D) illustrates a carrot defect similar to defect D1 that originated at 

the growth interruption/etch step. 

15 
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To examine the efficacy of the process, nearly identical wafers derived from 

the same SiC boule ("sister wafers") were processed with and without employing a 

process according to the invention.  The carrot defect densities on each of the wafers 

were measured and compared.  Since the number of carrot defects in a wafer is 

strongly dependent on the boule, it may be useful to compare carrot defect reduction 

in wafers taken from the same boule.  For this comparison, the inventors calculated 

the ratio of the number of carrot defects in epilayers grown using the present 

invention to the number of carrot defects in epilayers grown without the invention, 

both on sister wafers.  In each case, one set of wafers was grown without growth 

interruption/etching/growth cycle, while one set of wafers included an 

interruption/etching/growth cycle.  

For each growth run, three wafers were loaded into a CVD reactor.  The 

reactor was heated to growth temperature under a flow of carrier gas (H2) only.  At a 

temperature consistent with an etch-rate of approximately 3 microns/hour, growth of 

silicon carbide was initiated by introduction of silane (SiH4) and propane (C3H8) 

reactant gases.  Appropriate growth temperatures are system dependent and may be 

determined by a skilled person without undue experimentation. 

 
- 13 - 



Attorney Docket No. 5308-395 
 

In the control experiment, this growth was continued until a silicon carbide 

epitaxial layer of approximately 40 microns had been grown.  In other experiments, 

growth was initiated in the same manner as the control experiment but was interrupted 

once or twice by stopping the flow of both the silane and propane.  During that 

interruption of about 12 minutes duration, hydrogen in the carrier gas etched about 0.6 

microns from the previously grown epitaxial layer.  At the end of the growth 

interruption, silane and propane were reintroduced to resume growing silicon carbide.   
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In the first experiment, the initial epitaxial layer was approximately 5 microns 

thick, there was a single growth interruption, and the final epitaxial layer was 

approximately 35 microns thick.  In the second experiment, the initial epitaxial layer 

was approximately 2.5 microns thick, there was a single growth interruption, and the 

final epitaxial layer was approximately 37.5 microns thick. In the third experiment, 

the initial epitaxial layer was approximately 2.5 microns thick, there were two growth 

interruptions with an additional 2.5 microns thick epitaxial layer between them, and 

the final epitaxial layer was approximately 35 microns thick.  After growth, all of the 

carrots on each wafer were counted using a Nomarski microscope.  The number of 

carrots on each wafer in the experimental runs was counted and compared to the 

number of carrots on its sister wafer in the control experiment.  For purposes of the 

experiment, carrot defects were counted if they were not terminated within the 

epitaxial layer (i.e. if they continued to propagate to the surface).  In each case, there 

was significant reduction in the number of carrot defects.    

A histogram of the carrot reduction ratio is presented in Figure 8.   The 

abscissa (x-axis) of Figure 8 represents the ratio of carrot defect densities in wafers 

prepared using a process according to embodiments of the present invention to wafers 

that did not use such a process.   The ordinate (y-axis) represents the percentage of 

samples falling within the indicated range of defect reduction   Thus, Figure 8 shows 

that the majority of wafers grown using the inventive process had only 10 to 30% of 

the number of carrot defects found in the control wafers.  The median carrot density 

was reduced from 2.76 cm-2 to 0.67 cm-2.  

As illustrated in Figure 8, by using the process described above, the number 

of carrots can be reduced by roughly 70-80% of the expected value.   

While the systems and methods have been described in relation to processes 

for depositing layers on substrates such as semiconductor wafers, the present 

invention may be employed in processes for depositing layers or the like on other 
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types of substrates.  The systems and methods of the present invention may be 

particularly useful in processes for forming an epitaxial layer on a substrate. 

Various other modifications may be made in accordance with the invention.  

For example, heating systems may be used other than or in addition to inductive 

heating.   5 

10 

15 

20 

As used herein a "system" may include one or multiple elements or features.  

In the claims that follow, the "deposition system", the "deposition control system", the 

"buffer gas supply system", the "process gas supply system" and the like are not 

limited to systems including all of the components, aspects, elements or features 

discussed above or corresponding components, aspects, elements or features.   

The foregoing is illustrative of the present invention and is not to be construed 

as limiting thereof.  Although a few exemplary embodiments of this invention have 

been described, those skilled in the art will readily appreciate that many modifications 

are possible in the exemplary embodiments without materially departing from the 

novel teachings and advantages of this invention.  Accordingly, all such modifications 

are intended to be included within the scope of this invention.  Therefore, it is to be 

understood that the foregoing is illustrative of the present invention and is not to be 

construed as limited to the specific embodiments disclosed, and that modifications to 

the disclosed embodiments, as well as other embodiments, are intended to be included 

within the scope of the invention. 
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THAT WHICH IS CLAIMED IS: 

1. A method of manufacturing a single crystal silicon carbide epitaxial 

layer on an off-axis silicon carbide substrate comprising: 

growing a first layer of epitaxial silicon carbide on the substrate; 
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etching the first layer of epitaxial silicon carbide to reduce the thickness of the 

first layer; and  

growing a second layer of epitaxial silicon carbide on the etched first layer of 

epitaxial silicon carbide. 

 

2. A method according to Claim 1, further comprising interrupting the 

growth of the first layer of epitaxial silicon carbide prior to etching the first layer of 

epitaxial silicon carbide. 

 

3. A method according to claim 2, wherein growing a first layer of 

epitaxial silicon carbide comprises flowing silicon and carbon containing source gases 

over the substrate and interrupting the growth of the first layer of epitaxial silicon 

carbide comprises reducing the flow of the source gases. 

 

4. A method according to claim 2, wherein growing a first layer of 

epitaxial silicon carbide comprises flowing silicon and carbon containing source gases 

over the substrate and interrupting the growth of the first layer of epitaxial silicon 

carbide comprises halting the flow of the source gases. 

 

5. A method according to claim 3, wherein etching the first layer of 

epitaxial silicon carbide comprises flowing an etchant gas over the substrate. 

 

6.  A method according to claim 5, wherein the etchant gas comprises H2, 

Ar, HCl, Cl2 and/or propane. 

 

7. A method according to claim 1, wherein the first layer of epitaxial 

silicon carbide is doped with a dopant at a concentration of 1E18 cm-3 or greater. 

 

8. A method according to claim 1, wherein the first layer of epitaxial 

silicon carbide has a thickness of less than 4 microns. 
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9. A method according to claim 1, wherein the first layer of epitaxial 

silicon carbide has a thickness of greater than 2 microns. 

 

5 

10 

15 

20 

25 

30 

10. A method according to claim 1, wherein the first layer of epitaxial 

silicon carbide has a thickness of about 4 microns. 

 

11. A method according to claim 1, wherein etching the first layer of 

epitaxial silicon carbide comprises etching the first layer of epitaxial silicon carbide 

by about 1 micron or more. 

 

12. A method according to claim 1, wherein etching the first layer of 

epitaxial silicon carbide comprises etching the first layer of epitaxial silicon carbide 

by about 1 micron or less. 

 

13. A method according to claim 1, wherein the second layer of epitaxial 

silicon carbide is grown to a thickness of about 2 microns. 

 

14. A method according to claim 1, further comprising etching the second 

epitaxial layer, and growing a third epitaxial layer on the etched second epitaxial 

layer. 

 

15. A method according to claim 14, further comprising interrupting the 

growth of the second epitaxial layer prior to etching the second epitaxial layer. 

 

16. A method according to claim 1, wherein the substrate comprises 

silicon carbide having a polytype selected from the group consisting of 2H, 4H, and 

6H. 

 

17. A method according to claim 1, wherein etching the first layer of 

epitaxial silicon carbide comprises etching the first layer of epitaxial silicon carbide 

within the epitaxial growth reactor. 
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18. A method according to claim 1, wherein etching the first layer of 

epitaxial silicon carbide comprises removing the substrate from the epitaxial growth 

reactor and etching the first layer of epitaxial silicon carbide outside the epitaxial 

growth reactor. 
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19. A method according to claim 1, wherein the first epitaxial layer and the 

second epitaxial layer provide a buffer layer on the substrate. 

 

 20. A method according to claim 1, wherein growing a first layer of 

epitaxial silicon carbide on the substrate comprises growing a first layer of epitaxial 

silicon carbide on an epitaxial layer on the substrate. 

 

21. A semiconductor structure comprising a silicon carbide epitaxial layer 

having a carrot defect which is terminated within the epitaxial layer. 

 

22. A semiconductor structure comprising: 

an off-axis silicon carbide substrate; 

an epitaxial layer of silicon carbide on the substrate, 

a carrot defect having a nucleation point in the vicinity of an interface between 

the substrate and the epitaxial layer, wherein the carrot defect terminates within the 

epitaxial layer. 

 

23. A structure according to claim 22, wherein the substrate comprises 

silicon carbide having a polytype selected from the group consisting of 2H, 4H, and 

6H. 

 

24. A structure according to claim 22, wherein the silicon carbide substrate 

is cut off-axis towards the 0211  direction. 

 

30 25. A structure according to claim 22, wherein the silicon carbide substrate 

is cut off-axis towards a crystallographic direction perpendicular to the c-axis. 
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26. A structure according to claim 22, wherein the epitaxial layer 

comprises a buffer layer. 

 

27. A structure according to claim 22, wherein the epitaxial layer is doped 

with a dopant at a concentration of 1E18 cm-3 or greater. 5 

 

28. A structure according to claim 27, wherein the dopant comprises 

nitrogen, phosphorus, boron or aluminum. 
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REDUCTION OF CARROT DEFECTS IN SILICON CARBIDE EPITAXY 

ABSTRACT 

 Single crystal silicon carbide epitaxial layer on an off-axis substrate are 

manufactured by placing the substrate in an epitaxial growth reactor, growing a first 

layer of epitaxial silicon carbide on the substrate, interrupting the growth of the first 

layer of epitaxial silicon carbide, etching the first layer of epitaxial silicon carbide to 

reduce the thickness of the first layer, and regrowing a second layer of epitaxial 

silicon carbide on the first layer of epitaxial silicon carbide.  Carrot defects may be 

terminated by the process of interrupting the epitaxial growth process, etching the 

grown layer and regrowing a second layer of epitaxial silicon carbide.  The growth 

interruption/etching/regrowth may be repeated multiple times.  A silicon carbide 

epitaxial layer has at least one carrot defect that is terminated within the epitaxial 

layer.  A semiconductor structure includes an epitaxial layer of silicon carbide on an 

off-axis silicon carbide substrate, and a carrot defect having a nucleation point in the 

vicinity of an interface between the substrate and the epitaxial layer and is terminated 

within the epitaxial layer. 
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HIGH POWER SILICON CARBIDE (SIC) PIN DIODES HAVING LOW 
FORWARD VOLTAGE DROPS  

 

STATEMENT OF GOVERNMENT INTEREST 

 The present invention was developed with Government support under contract 

numbers N00014-02-C-D302, N00014-05-C-0202 and W911NF-04-2-0021.  The 

Government has certain rights in this invention. 5 
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FIELD OF THE INVENTION 

The present invention relates to semiconductor devices and, more particularly, 

to PiN Diodes. 

 

BACKGROUND OF THE INVENTION 

In recent years, advances have been made in the development of silicon carbide 

(SiC) PiN diodes.  For example, 4H-SiC PiN diodes may have the capability to block 

in excess of 20 kV while maintaining a low forward voltage (VF) of 6.3 V at 3.2 A 

(100 A/cm2) as discussed in LATEST ADVANCES IN 4H-SIC PIN AND MOS 

POWER DEVICES by M.K. Das (Digest of International Semiconductor Device 

Research Symposium, Washington, DC, 2003).  However, these SiC PiN diodes suffer 

from an increase in VF under forward bias as discussed in a paper by H. Lendenmann 

et al. (Mater. Sci. Forum, 353-356, 727 (2001).  Furthermore, technological issues 

like, for example, effective edge termination, low resistivity p-type ohmic contacts, 

and forward voltage stability have historically hampered PiN diode development as 

discussed in, for example, papers by Crofton et al. (Solid-State Electron., vol. 46, p. 

689, 2002), H. Lendenmann et al. (Mater. Sci. Forum, Vol. 389-393 p. 1259, 2002) 

and J. Sumakeris, et al. (Mater. Sci. Forum, vol. 457-460, p. 1113, 2004). 
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SUMMARY OF THE INVENTION 

Some embodiments of the present invention Silicon Carbide (SiC) PiN Diodes 

having a reverse blocking voltage (VR) from about 3.0 kV to about 10.0 kV and a 

forward voltage (VF) of less than about 4.3 V.   

 In further embodiments of the present invention, the PiN diodes may have an 

average forward current (I
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F) of not greater than about 420A.  In some embodiments of 

the present invention, the PiN diodes may have an average forward current (IF) of not 

greater than about 200 A.  In certain embodiments of the present invention, the PiN 

diode may be operating at a temperature of from about 25 °C to about 530 °C.   

 In still further embodiments of the present invention, the SiC PiN Diode may 

have a VR of about 10.0 kV, an average IF of about 50 A, a reverse leakage current 

(IR) of about 0.5 mA, a VF of about 3.8 V, a reverse recovery time  (trr) of about 150 

nsec and a reverse recovery charge (Qrr) of about 1.1 µC when operating at a 

temperature of about 25 °C.   

 In some embodiments of the present invention, the SiC PiN Diode may have a 

blocking voltage (VR) of about 10.0 kV, an average IF of about 50 A, a reverse 

recovery time  (trr) of about 300 nsec and a reverse recovery charge (Qrr) of about 1.6 

µC when operating at a temperature of about 150 °C.   

 In further embodiments of the present invention, the SiC PiN Diode may have 

a forward current of about 2 A.  In these embodiments of the present invention, the 

SiC PiN Diode may be provided on a single chip, the chip being about 2.8 mm by 2.8 

mm and the plurality of SiC PiN diodes may have a VF of less than about 4.0 V, no 

less than about seventy percent of the plurality of SiC PiN diodes may have a 

blocking voltage of about 6kV and a reverse leakage current (IR) of not greater than 

1.0 mA/cm2 and almost all of the plurality of SiC PiN diodes may have a forward 

voltage drift of no greater than 0.1V.  The SiC PiN Diode may have a total yield of no 

less than about seventy percent.   

 In still further embodiments of the present invention, the SiC PiN Diode may 

have a forward current of about 5 A.  In these embodiments of the present invention, a 

plurality of SiC PiN diodes may be provided on a single chip, the chip being about 2.8 

mm by about 4.85 mm and the plurality of SiC PiN diodes may have a VF of less than 

about 4.0 V, no less than about seventy one percent of the plurality of SiC PiN diodes 

may have a blocking voltage of about 6kV and a reverse leakage current (IR) of not 

greater than 1.0 mA/cm2 and no less than about ninety six percent of the plurality of 
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SiC PiN diodes may have a forward voltage drift of no greater than 0.1V.  The SiC 

PiN Diode may have a total yield of no less than about sixty five percent.   

In some embodiments of the present invention, the SiC PiN Diode may have 

forward current of about 25 A.  In these embodiments of the present invention, a 

plurality of SiC PiN diodes may be provided on a single chip, the chip being about 5.4 

mm by about 5.4 mm.  The plurality of SiC PiN diodes may have a V
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F of less than 

about 4.0 V, no less than about fifty percent of the plurality of SiC PiN diodes may 

have a blocking voltage of about 6kV and a reverse leakage current (IR) of not greater 

than 1.0 mA/cm2 and no less than about eighty seven percent of the plurality of SiC 

PiN diodes may have a forward voltage drift of no greater than 0.1V.  The chip may 

have a total yield of no less than about forty three percent.  

 In further embodiments of the present invention, the SiC PiN Diode may have 

a forward current of about 50 A.  In these embodiments of the present invention, the 

plurality of SiC PiN diodes may be provided on a single chip, the chip being about 

8.65 mm by about 8.55 mm and the plurality of SiC PiN diodes may have a VF of less 

than about 4.0 V, no less than about sixty five percent of the plurality of SiC PiN 

diodes may have a blocking voltage of about 6kV and a reverse leakage current (IR) of 

not greater than 1.0 mA/cm2 and no less than about ninety six percent of the plurality 

of SiC PiN diodes may have a forward voltage drift of no greater than 0.1V.  The chip 

may have a total yield of no less than about sixty three percent.   

In some embodiments of the present invention, the SiC PiN Diode may be a 

4H SiC PiN Diode.  The SiC PiN Diode may further include an n-type SiC substrate, 

an n-type SiC drift layer on the n-type SiC substrate and a p-type SiC Anode injection 

layer on the n-type drift layer. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross-section illustrating PiN Diodes according to some 

embodiments of the present invention. 

Figure 2 is a picture illustrating a 3" 4H-SiC wafers with 2A and 5A diodes, 

25 A diodes and 50 A diodes from left to right according to some embodiments of the 

present invention. 

 Figure 3 is a graph illustrating reverse voltage (-V) vs. diode leakage current 

(A) of a 50 A diode (8.7 mm x 8.7 mm) and a 0.78 A diode according to some 

embodiments of the present invention. 
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 Figure 4 is a graph illustrating forward diode current (A) vs. forward voltage 

(V) of a large 10 kV diode with a 3.75 forward drop at 50 A and 5.9 V forward drop 

at 328 A according to some embodiments of the present invention. 

 Figure 5 is a graph illustrating forward current (A) vs. forward voltage (V) 

measured at several temperatures according to some embodiments of the present 

invention. 
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 Figure 6 is a graph illustrating a dI/dt reverse recovery transient showing  fast 

turn-off with very little reverse recovery charge for a 10 kV, 20 A device, even at 

elevated temperatures according to some embodiments of the present invention. 

 Figure 7 is a graph illustrating voltage at 50 A/cm 2 (V) vs. Time (hr) showing 

that a novel epitaxy may produce more stable 4H-SiC PiN diodes (forward voltage 

stability) according to some embodiments of the present invention.  

 Figures 8A and 8B are graphs of number of devices vs. forward voltage drift 

(mV) for two different types of epitaxy according to some embodiments of the present 

invention.    

 Figure 9A and 9B are reverse blocking wafermaps for different types of 

epitaxy according to some embodiments of the present invention.   

 Figure 10 is a graph of time (hours) vs. current (µA) illustrating room 

temperature time dependent reverse leakage current at 5 kV reverse bias of six 

packaged 6 kV/25 A 4H-SiC PiN diodes according to some embodiments of the 

present invention. 

 Figure 11 is a graph of voltage (V) vs. current (A) temperature dependent 

forward I-V characteristics of Cree 4H-SiC 6 kV/50 A PiN diode 

(black) and Powerex 4.5 kV/60 A Si PiN diode (grey) according to some 

embodiments of the present invention.   

 Figure 12 is a graph of time (ns) vs. current (A) illustrating temperature 

dependent reverse recovery characteristics of Cree 4H-SiC 6 kV/50 A PiN diode 

and Powerex 4.5 kV/60 A Si PiN diode (circles) according to some embodiments of 

the present invention.   

 Figure 13 is a micoropipe distribution map for wafers on which 180 A/4.5 kV 

4H-SiC PiN diodes were fabricated according to some embodiments of the present 

invention. 
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 Figure 14 is a photograph illustrating a completed 4.5 kV 4H-SiC PiN diode 

wafer, with 180 Amp, 100 Amp, 13 Amp, and 0.2 Amp diodes according to some 

embodiments of the present invention. 

 Figures 15 is a graph illustrating forward characteristics of 180 Amp/4.5 kV 

4H-SiC PiN diode according to some embodiments of the present invention. 5 
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  Figure 16 is a graph illustrating reverse current-voltage characteristics of 180 

Amp/4.5 kV 4H-SiC PiN diode according to some embodiments of the present 

invention. 

 Figure 17 is a graph illustrating pulsed forward current characteristics of a 

packaged 180 A (at 100 A/cm2), 4.5 kV 4H-SiC PiN diode at 25°C according to some 

embodiments of the present invention. 

 Figure 18 is a graph illustrating reverse I-V characteristics of packaged 180 A, 

4.5 kV 4H-SiC PiN diode at 25°C according to some embodiments of the present 

invention.   

 

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

The present invention now will be described more fully hereinafter with 

reference to the accompanying drawings, in which embodiments of the invention are 

shown.  However, this invention should not be construed as limited to the 

embodiments set forth herein.  Rather, these embodiments are provided so that this 

disclosure will be thorough and complete, and will fully convey the scope of the 

invention to those skilled in the art.  In the drawings, the thickness of layers and 

regions are exaggerated for clarity.  Like numbers refer to like elements throughout. 

As used herein the term "and/or" includes any and all combinations of one or more of 

the associated listed items. 

The terminology used herein is for the purpose of describing particular 

embodiments only and is not intended to be limiting of the invention.  As used herein, 

the singular forms  "a", "an" and "the" are intended to include the plural forms as well, 

unless the context clearly indicates otherwise.  It will be further understood that the 

terms "comprises" and/or "comprising," when used in this specification, specify the 

presence of stated features, integers, steps, operations, elements, and/or components, 

but do not preclude the presence or addition of one or more other features, integers, 

steps, operations, elements, components, and/or groups thereof.   
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It will be understood that when an element such as a layer, region or substrate 

is referred to as being "on" or extending "onto" another element, it can be directly on 

or extend directly onto the other element or intervening elements may also be present.  

In contrast, when an element is referred to as being "directly on" or extending 

"directly onto" another element, there are no intervening elements present.  It will also 

be understood that when an element is referred to as being "connected" or "coupled" 

to another element, it can be directly connected or coupled to the other element or 

intervening elements may be present.  In contrast, when an element is referred to as 

being "directly connected" or "directly coupled" to another element, there are no 

intervening elements present.   Like numbers refer to like elements throughout the 

specification. 
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It will be understood that, although the terms first, second, etc. may be used 

herein to describe various elements, components, regions, layers and/or sections, these 

elements, components, regions, layers and/or sections should not be limited by these 

terms.  These terms are only used to distinguish one element, component, region, 

layer or section from another region, layer or section.  Thus, a first element, 

component, region, layer or section discussed below could be termed a second 

element, component, region, layer or section without departing from the teachings of 

the present invention. 

Furthermore, relative terms, such as "lower" or "bottom" and "upper" or "top," 

may be used herein to describe one element's relationship to another elements as 

illustrated in the Figures.  It will be understood that relative terms are intended to 

encompass different orientations of the device in addition to the orientation depicted 

in the Figures.  For example, if the device in the Figures is turned over, elements 

described as being on the "lower" side of other elements would then be oriented on 

"upper" sides of the other elements.  The exemplary term "lower", can therefore, 

encompass both an orientation of "lower" and "upper," depending of the particular 

orientation of the figure.  Similarly, if the device in one of the figures is turned over, 

elements described as "below" or "beneath" other elements would then be oriented 

"above" the other elements. The exemplary terms "below" or "beneath" can, therefore, 

encompass both an orientation of above and below.   Furthermore, the term "outer" 

may be used to refer to a surface and/or layer that is farthest away from a substrate. 

Embodiments of the present invention are described herein with reference to 

cross-section illustrations that are schematic illustrations of idealized embodiments of 
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the present invention.  As such, variations from the shapes of the illustrations as a 

result, for example, of manufacturing techniques and/or tolerances, are to be expected.  

Thus, embodiments of the present invention should not be construed as limited to the 

particular shapes of regions illustrated herein but are to include deviations in shapes 

that result, for example, from manufacturing.  For example, an etched region 

illustrated as a rectangle will, typically, have tapered, rounded or curved features.  

Thus, the regions illustrated in the figures are schematic in nature and their shapes are 

not intended to illustrate the precise shape of a region of a device and are not intended 

to limit the scope of the present invention. 
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Unless otherwise defined, all terms (including technical and scientific terms) 

used herein have the same meaning as commonly understood by one of ordinary skill 

in the art to which this invention belongs.  It will be further understood that terms, 

such as those defined in commonly used dictionaries, should be interpreted as having 

a meaning that is consistent with their meaning in the context of the relevant art and 

the present disclosure and will not be interpreted in an idealized or overly formal 

sense unless expressly so defined herein. 

It will also be appreciated by those of skill in the art that references to a 

structure or feature that is disposed "adjacent" another feature may have portions that 

overlap or underlie the adjacent feature. 

 Silicon carbide power devices based on 4H polytype silicon carbide (4H-SiC) 

according to some embodiments of the present invention have the potential to 

revolutionize the power semiconductor industry.  Benefitting from an order of 

magnitude larger critical electric field than silicon (Si) and sufficiently high carrier 

mobility, 4H-SiC power devices may be designed with thinner, heavier doped drift 

layers, which may enable  high voltage capability with low conduction and switching 

losses.  The advantages of SiC are discussed in a paper by Singh et al. (IEEE Trans. 

Electron Dev., vol. 49, p. 2054, 2002) the disclosure of which is hereby incorporated 

herein by reference in its entirety.  Furthermore, the wide bandgap may enable high 

temperature operation well beyond the limits of conventional packaging.  PiN diodes 

have been shown to operate at elevated temperatures up to 800 K as discussed in 

HIGH-TEMPERATURE (UP TO 773K) OPERATION OF 6-KV 4H-SIC 

JUNCTION DIODES to Levinshtein, et al. (Solid-State Electronics; July 2005, Vol. 

49 Issue 7, pages 1228-1232, the disclosure of which is hereby incorporated herein by 

reference as if set forth in its entirety.   4H-SiC Schottky diodes are supplanting Si in 
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300 V – 1200 V applications.  For even higher voltage applications, the rectifier of 

choice appears to be the 4H-SiC PiN diode, which has been demonstrated to block up 

to 20 kV with low VF of 6 V as discussed in LATEST ADVANCES IN 4H-SIC PIN 

AND MOS POWER DEVICES by Das (Digest of International Semiconductor 

Device Research Symposium, Washington, DC, 2003, the disclosure of which is 

incorporated herein by reference as if set forth in its entirety.    
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  However, as discussed above, technological issues like effective edge 

termination, low resistivity p-type ohmic contacts, and forward voltage stability have 

historically hampered PiN diode development.  Thus, some embodiments of the 

present invention provide from 6 kV to about 10 kV, up to 50 A, 4H-SiC PiN diodes 

that may not expericence the problems of existing SiC PiN diodes.  In particular, high 

power 10 kV, up to 50 A, SiC PiN diodes having a low forward voltage drop (VF) of 

3.75 V and a fast reverse recovery time of 150 nsec are provided according to some 

embodiments of the present invention.   

 Furthermore, SiC PiN diodes according to some embodiments of the present 

invention may not experience the historical problems with the SiC PiN diode 

technology, such as ineffective edge termination (VBD increased to > 70% of ideal 

breakdown voltage), poor ohmic contacts to p-type SiC (ρC reduced to < 10-4 Ωcm2), 

and forward voltage drift (∆VF reduced to < 0.1 V).  Some embodiments of the 

present invention have addressed these issues with design, material, and process 

improvements which have resulted in high overall device yields according to some 

embodiments of the present invention as will be discussed further below with respect 

to Figures 1 through 18. 

  Exemplary devices according to some embodiments of the present invention 

are schematically illustrated in Figure 1.  However, embodiments of the present 

invention should not be construed as limited to the particular exemplary embodiments 

described herein but may include any suitable structure that provides PiN Diode 

characteristics as described herein.   

Referring first to Figure 1, a cross section of PiN diodes, for example, a 10 

kV, 4H-SiC PiN diode, according to some embodiments of the present invention will 

be discussed.  As illustrated in Figure 1, a substrate 100 is provided on which PiN 

Diodes according to some embodiments of the present invention may be formed.  In 

particular embodiments of the present invention, the substrate 100 may be a 

conducting n-type silicon carbide (SiC) substrate that may be, for example, 4H 
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polytype of silicon carbide.  The substrate 100 may have a resistivity of from about 

0.017 to about 0.022.  An n-type drift layer 110 is provided on the substrate 100.  The 

n-type drift layer may have a thickness of about 100 µm and a carrier concentration of 

about 2 X 1014cm3.  A p-type anode injection layer 127 is provided on the drift layer 

110.  The p-type anode injection layer 127 may have a thickness of about 2.5 µm and 

a carrier concentration of about 8 X 10

5 

10 
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20 
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30 

18cm3.  The p-type anode injection layer 127 

may be doped with aluminum (Al).  The p-type anode injection layer 127 may have 

first and second portions.  A first portion may be a p+ layer having a carrier 

concentration of about 8 X 1018cm3.  A second layer may be provided on the first 

layer.  The second layer may be a p++ layer having a carrier concentration of 5 X 

1020cm3.   

The n-type drift layer 110 and the p-type anode injection layer 127 may be 

epitaxial layers that are continuously grown on the substrate, for example, a 0.6 cm-2 

micropipe density 8° off-axis (0001) 4HN 3 inch substrate 100.  The epitaxial layers 

may be fabricated using, for example, the process described in United States Patent 

Publication No. US 2005/0064723 to Sumakeris, the disclosure of which is hereby 

incorporated by reference as if set forth in its entirety.  Other  low BPD epitaxial 

processes discussed in, for example, a paper by Sumakeris et al.  (Mater. Sci. Forum, 

457-460, 1113 (2004)) and Sumakeris et al. (ICSCRM 2005, Pittsburgh, PA (2005)) 

the disclosures of which are hereby incorporated herein by reference in their entirety. 

The device is mesa isolated by etching down to the n- drift layer 110 in the 

field areas using, for example, a reactive ion etch (RIE).  Mesa areas for each diode 

design were based on a designed current density of 100 A/cm2 for 2 A, 5 A, and 50 A 

diodes, or 142 A/cm2 for 25 A diodes, with mesas measuring 1.46 mm x 1.46 mm (2 

A), 1.46 mm x 3.51 mm (5 A), 4.21 mm x 4.21 mm (25 A), and 7.08 mm x 7.08 mm 

(50A). 

It will be understood that the mesa sizes discussed herein are provided for 

exemplary purposes and embodiments of the present invention are not limited to this 

configuration.  For example, the mesa sizes discussed above may only correspond to 6 

kV diodes according to some embodiments of the present invention.  It will be further 

understood that mesa sizes may vary slightly for different blocking thicknesses.  Thus, 

for example, a mesa for a 50A/10kV diode may have slightly different dimensions 

than a mesa for a 50A/6kV diode.   
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An aluminium (Al) implanted guard ring-based termination 115 is 

provided/formed around the device periphery while a nitrogen (N) implanted channel 

stop regions 125 ground the field area away from the devices.  The implants are 

activated with a 1600-1650°C Argon (Ar) anneal in the presence of silicon (Si) 

overpressure.   5 

10 

15 

20 

25 

30 

 In some embodiments of the present invention, a junction termination 

extension (JTE) technique may be used as discussed in Multiple-Zone Single-Mask 

Junction Termination Extension: A High-Yield Near-Ideal Breakdown Voltage 

Technology by Trantraporn et al.  (IEEE TRATISACTIONS ON ELECTRON 

DEVICES, Vol. ED-34, No. 10, OCTOBER 1987), the disclosure of which is 

incorporated herein by reference as if set forth in its entirety. 

A passivation layer 120 is provided on the surface of the device.  The 

passivation layer 120 may be formed using a two step passivation process.  A first 

portion of the passivation layer 120 is thermally grown to a thickness of from about 

600 Å to about 700 Å.  A second portion of the passivation layer 120 may be provided 

on the first portion.  The second portion may be deposited on the first portion using, 

for example, a chemical vapor deposition (CVD) process at a temperature of about 

410 °C.  The second portion may have a thickness of about 1 µm.  The passivation 

layer 120 may include silicon dioxide (SiO2) and/or polymide.  An ohmic contact 131 

including, for example, titanium/aluminium (Ti-Al) is provided on the anode injection 

layer 127.  An ohmic contact 130 including, for example, nickel (Ni) is provided on 

the cathode.  The contacts were annealed at 1000°C in Ar.  As used herein the term 

"ohmic contact" refers to contacts where an impedance associated therewith is 

substantially given by the relationship of Impedance = V/I, where V is a voltage 

across the contact and I is the current, at substantially all expected operating 

frequencies (i.e., the impedance associated with the ohmic contact is substantially the 

same at all operating frequencies) and currents.  Gold (Au) overlayers 140 and 141 

are provided on the ohmic contacts 130 and 131, respectively, to aid in current 

spreading and/or die attach.  In other words, sintered Ti-Al and Ni contacts 130 and 

131 are made to the anode and cathode, respectively, before depositing thick Au 

overlayers 140 and 141.   

PiN Diodes according to some embodiments of the present invention, for 

example, 50A PiN diodes, may be provided on 8.7 mm x 8.7 mm chips, which have a 
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0.50 cm2 active area.  In some embodiments of the present invention, a total of 48 

chips can be fabricated on a single 3 inch wafer as illustrated, for example, in Figure 

2.  In particular, Figure 2 illustrates completed wafers with, from left to right, 2 A and 

5 A diodes (combined on one wafer), 25 A diodes, and 50 A diodes.  

Referring now to Figure 3, a graph illustrating Reverse Voltage (-V) vs. Diode 

Leakage Current (A) of a 50 A diode (8.7 mm x 8.7 mm) and a 0.78 A diode 

according to some embodiments of the present invention will be discussed.  Figure 3 

illustrates the reverse blocking capability of a typical PiN diode.  Reverse blocking is 

measured out to 9 kV where the leakage current exceeds the current compliance limit 

of the measurement apparatus.  Extrapolating the leakage current to 10 kV a low 

leakage current density of approximately 1 mA/cm

5 
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2 (based on a device footprint of 

0.615 cm2) is estimated.  The validity of this extrapolation is contingent on the 

absence of avalanching prior to 10 kV.  Reverse operation of small 0.78 A diodes 

confirm full 10 kV blocking capability without any premature avalanche as illustrated 

in Figure 3.  Hence, a 10 kV blocking capability is implied for the large devices 

blocking, such as greater than 7 kV.  As illustrated in Figure 3, the large diode 

demonstrates greater than 9 kV blocking that is current compliance limited.  The 

dashed line extrapolates the reverse blocking to 10 kV with only 1 mA/cm2.  The 

small diode confirms 10 kV capability. 

Referring now to Figure 4, pulsed forward I-V characteristic of a large 10 kV 

diode with a 3.75 V forward drop at 50 A and 5.9 V forward drop at 328 A indicating 

a high level of conductivity modulation.  As illustrated in Figure 4, a low forward 

voltage drop of 3.75 V is observed at 50 A (100 A/cm2) indicating a high degree of 

conductivity modulation.  4H-SiC PiN diodes are capable of handling very high 

current densities and we have measured this large device out to a pulsed current of 

328 A (656 A/cm2) at a low forward drop of 5.9 V.  For a single chip, this 

demonstrates over 3 MW of pulsed power.  As illustrated in Figure 5, these devices 

also show excellent forward characteristics with respect to temperature.     

Referring now to Figure 5, forward I-V curve measured at several 

temperatures on a small 10 kV device where a positive temperature coefficient at high 

current density facilitates device paralleling.  The differential resistance at low current 

density remains constant versus temperature because the increase in carrier lifetime is 

balanced by the reduction in carrier mobility and diffusivity.  The VF at low current 

densities decreases slightly with temperature due to bandgap narrowing effects that 
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reduce the built-in potential.  This introduces a concern for thermal runaway.  

However, at high current densities, the behavior reverses to a positive temperature 

coefficient, thereby making these devices attractive for use in a parallel configuration. 

 Referring now to Figure 6, a graph illustrating a dI/dt reverse recovery 

transient showing  fast turn-off with very little reverse recovery charge for a 10 kV, 

20 A device, even at elevated temperatures according to some embodiments of the 

present invention will be discussed.  Large dI/dt reverse recovery transient showed 

fast turn-off with very little reverse recovery charge for a 10 kV, 20 A device, even at 

elevated temperatures.  One potential drawback of a well modulated PiN diode is that 

the switching ability may suffer, especially the turn-off transient, due to the extra time 

needed for carrier removal in the drift layer.  As illustrated in Figure 6, the reverse 

recovery of the 10 kV diodes shows a fast 150 nsec recovery at room temperature 

with very little reverse recovery charge despite an aggressive dI/dt of 330 A/µsec. At 

elevated temperatures, the high speed switching capability remains intact with very 

minimal charge increase and a 300 nsec recovery time. 
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To be a commercially viable product, stable device performance should be 

demonstrated across the entire wafer.  Historically, the 4H-SiC PiN diodes have 

suffered from forward voltage instability, where the VF may increase by several volts 

during forward operation as discussed in H. Lendenmann et al. (Mater. Sci. Forum, 

Vol. 389-393 p. 1259, 2002), the disclosure of which is incorporated herein by 

reference as if set forth in its entirety.  As discussed in Sumakeris, et al. (Mater. Sci. 

Forum, vol. 457-460, p. 1113, 2004), under forward bias, bipolar current flow in the 

"i" layer causes electron-hole recombination; the recombination provides energy to 

the lattice allowing basal plane screw dislocations (BPD) to generate stacking faults;  

the stacking fault becomes negatively charged by trapping electrons; electron 

injection is attenuated at the cathode with a corresponding reduction of hole injection 

at the anode; the area under the fault becomes devoid of plasma thereby reducing the 

effective current handling area of the device; and a larger amount of forward bias is 

now needed to maintain the same forward current level. 

 Hence, the key to producing drift-free PiN structures is the reduction of BPDs.  

Typically, the areal density of BPDs in the substrate is ~2000 cm-2 of which 90% can 

be turned into relatively benign threading edge dislocations in epitaxy.  Recent 

innovations have reduced the epilayer BPD density below 10 cm-2 as discussed in 

Sumakeris, et al. (Mater. Sci. Forum, vol. 457-460, p. 1113, 2004) such that the 
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devices have become fairly well behaved as illustrated in Figure 7.  Devices can now 

be effectively screened for their VF stability by a simple on-wafer 30 min constant 

current stress at 50 A/cm2 as discussed in B.A. Hull et al. (J Electron. Mater., vol. 34, 

no. 4, 2005), the disclosure of which is hereby incorporated herein by reference as if 

set forth in its entirety. 5 

10 

15 

Referring now to Figures 8A and 8B, graphs of number of devices vs. forward 

voltage drift (mV) for two different types of epitaxy according to some embodiments 

of the present invention will be discussed.  The histograms of Figures 8A and 8B 

illustrate the number of stable devices by binning the devices according to the amount 

of forward voltage increase after the forward stress.  Using 100 mV as an acceptable 

amount of VF drift, we observe that the drift yield increased from 17% to 67% by 

incorporating the novel epitaxy while not compromising the reverse blocking yield as 

illustrated in Figures 9A and 9B.  Figures 9A and 9B are reverse blocking wafermaps 

for different types of epitaxy according to some embodiments of the present 

invention.   
Epitaxy BPD

(cm -2)
Device Drift

Yield
10 kV
Yield

Total
Yield

Original
Process

180 50 A 17 % 37 % 6 %

New
Process

20 50 A 67 % 35 % 23 %

 
TABLE 1 

Table 1 illustrates progress toward making the large hero devices more 

prevalent across the wafer.  Overall device yield is a respectable 23% for 10 kV 50 A 

PiN diodes having improved by nearly 4x over the previous technology.     20 

Thus, as discussed herein, according to some embodiments of the present 

invention, state-of-the-art 10 kV, 50 A 4H-SiC diodes have been fabricated with low 

VF of 3.75 V, fast switching, and stable operation with respect to temperature.   
25 

 

 

 

 

 

 

 30 

Characteristic  

S

ymbol 

 

U

nits 

Cree 
SiC 

 Pwrex 
Si 

VMI  
UF Si  

25oC Peak Reverse Blocking VRRM kV 10 9.0 10 
25oC Reverse Leakage Current at VRRM IRRM mA 0.5 1.0 0.1 

25oC Average Forward Current IF(av) Amps 50 60 50 
25oC Forward Voltage at IF(av)  VF Volts 3.8 12.4 14.0 
25oC Reverse Recovery Time  trr nsec 150 230 100 

25oC Reverse Recovery Charge  Qrr µC 1.1 11 5 
150oC Reverse Recovery Time  HT trr nsec 300 - 500 

150oC Reverse Recovery Charge  HT Qrr µC 1.6 - 24.75 
TABLE 2
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Table 2 illustrates how the 4H-SiC PiN diodes compare with similarly rated Si 

rectifier stacks.  In addition to the simplicity of a single chip, the 4H-SiC PiN diode 

offers a lower forward voltage drop, reduced reverse recovery charge, and excellent 

high temperature characteristics where the switching is well behaved and the on-

current does not require additional derating.  With the advent of >20% overall device 

yield, a significant step has been made in the evolution of a commerically viable SiC 

PiN diode technology expected to meet the demands of high voltage, high frequency 

power conversion applications. 
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In some embodiments of the present invention the epitaxial layers may be 

formed as discussed in EVOLUTION OF DRIFT-FREE, HIGH POWER 4H-SIC PIN 

DIODES to Das et al. (ICSCRM 2005, Pittsburg, PA, 2005), the disclosure of which 

is hereby incorporated herein by reference as if set forth in its entirety.   

Results according to further embodiments of the present invention will now be 

discussed with respect to Figures 10 through 12.  Table 3 summarizes the wafer-level 

yield statistics for the best yielding wafers of various current rated PiN diodes that are 

designed to block 6kV according to some embodiments of the present invention.  As 

illustrated in Table 3, the best total wafer yield of 69 percent was achieved on 2A 

diodes.  Nevertheless, even on a 50 A diode wafer, with a die size of 8.64 mm x 8.56 

mm, a total yield of 62 percent was achieved. The best total yield achieved on a 25 A 

wafer was somewhat lower, at 43 percent, but the 25 A diode wafers were fabricated 

with previous generation epitaxial growth and device fabrication processes.  The latest 

results from the 2 A/5 A and 50 A diode designs, wafer-level device yields that 

indicate the commercial viability of the 4H-SiC PiN diode technology have been 

achieved. 

 

 
TABLE 3 

Referring now to Figure 10, time dependent leakage current of six packaged 6 

kV/25 A 4H-SiC PiN diodes under long term reverse bias at 5 kV will be discussed. 

As illustrated therein, during 900 hours at 5 kV reverse bias, the maximum increase in 30 
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leakage current for any diode was 6 µA.  However, some arcing between package 

leads was observed during testing (especially with increases in humidity) and no 

effort to separate diode leakage currents from package leakage currents were made.  

Thus, reverse leakage current increases could not be attributed to the diodes 

themselves.  No change in the forward I-V characteristics were observed following 

long-term reverse biasing.   

5 

10 

15 

Referring now to Figure 11, the temperature dependent forward current-

voltage (I-V) characteristics of a 50 A 4H-SiC PiN diode along with those of a 4.5 

kV/60 A Si PiN diode will be discussed.  The 4H-SiC PiN diode was taken to 60 A 

(120 A/cm2) to provide a suitable comparison to the Si PiN diode.  At 60 A, the VF of 

the SiC diode was 0.75 V lower than the Si diode at room temperature, corresponding 

to a 45 W decrease in DC forward dissipated power, or a reduction of 18 percent.  At 

150°C, the 4H-SiC PiN diode reduced the power dissipation by 32 W at 60 A, or 14 

percent, from that of the Si PiN diode.  

 Referring now to Figure 12, a comparison of the reverse recovery transients at 

25°C and 150°C of the 4H-SiC PiN diode and the Si PiN diode will be discussed.  

Furthermore, peak reverse recovery current (IRM), reverse recovery time (trr), stored 

charge (Qrr), and stored energy (Err) are presented in Table 4 for all conditions tested. 

 

 20 

25 

30 

TABLE 4 

The diodes were switched from a nominal 50 A DC forward current to -500 V 

reverse bias at a 300 A/µs switching transient.  At all temperatures the 4H-SiC PiN 

diode showed significantly lower IRM, trr, Qrr, and Err than the Si PiN diode. Based on 

measured Err, switching loss power  savings for the 4H-SiC PiN diode range from 20 

percent at 150°C to 44 percent at 25°C.  Due to the need for separating the 

diode (at temperature) from the test switch (at room temperature), parasitic inductance 

and resistance in the circuit wires may be artificially skewing the reverse recovery 

characteristics to longer recovery times and higher energies.  However, no alterations 

to the test circuit were made between testing the 4H-SiC diode and the Si diode, thus 
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providing an accurate comparison.  Reverse recovery switching bias was limited to a 

500 V reverse bias by limitations in test equipment.   

Results according to further embodiments of the present invention will now be 

discussed with respect to Figures 13 through 16.  A 4H-SiC PiN diode that blocks up 

to about 4.5 kV and conducts up to about 180 A (at 100A/cm2) under a low forward 

voltage (VF) of 3.5 V is provided.  This single-chip 4H-SiC PiN diode, at 1.5 cm x 

1.5 cm, is the largest discrete 4H-SiC power device ever reported, with over 2 times 

the area of the previous largest chip, a 1 cm x 1 cm, 100 A 4H-SiC thyristor as 

discussed in Agarwal et al. (ICSCRM 2005, Pittsburgh, PA, (Sept. 2005)), the 

disclosure of which is incorporated herein by reference as if set forth in its entirety.  

The diode exhibited a leakage current of less than about 5.0 µA at 4.5 kV, or less than 

2.8 µA/cm
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2, giving a rated forward current to reverse leakage current ratio of greater 

than about 3 x 107.  Successful fabrication of such a large discrete 4H-SiC PiN diode 

with such exceptional breakdown characteristics is a testament to the advances in SiC 

materials and device fabrication technologies. 

The 180 A/4.5 kV 4H-SiC PiN diodes were fabricated on 3 inch 4H-SiC 

wafers cut 8° off of the [0001] basal plane.   A exemplary micropipe map of the 

wafers is illustrated in Figure 13.  The wafers had an overall micropipe density of 0.2 

micropipes/cm2, with a total of 10 micropipes on wafer, which to date is one of the 

best micropipe densities achieved in any 3 inch 4H-SiC boule ever grown at Cree as 

discussed in Powell (Industrial News Session, ICSCRM 2005, Pittsburgh, PA, (Sept. 

2005)), the disclosure of which is incorporated herein by reference as if set forth in its 

entirety.  Furthermore, all but one of the micropipes were located near the wafer 

periphery for an effective micropipe density of 0.03/cm2 over the central 70% of the 

wafer area.  A N-doped 50 µm thick epitaxial layer doped 2.0 x 1014 cm-3 and an Al 

doped 2.5 µm thick epitaxial layer doped at 8.0 x 1018 cm-3 were grown continuously 

in one epitaxial run.  An epitaxial process that reduces the density of screw-type 

[0001] basal plane dislocations (BPD) in the epitaxial film to suppress the irreversible 

increase in VF (VF drift) typically seen in 4H-SiC PiN diodes was used.  Such an 

epitaxial process is discussed in, for example, Sumakeris, et al. (Mater. Sci. Forum, 

vol. 457-460, p. 1113, 2004), the disclosure of which is incorporated herein by 

reference as if set forth in its entirety.  Diode mesas measuring 13.58 mm per side 

(180 A diodes) or 10.01 mm per side (100 A diodes) were isolated with a reactive ion 

etch.  
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A p-type multi-zone junction termination extension (JTE) was then ion 

implanted around the mesa peripheries, followed by an n-type channel stop around the 

chip peripheries.  Following implant activation at 1650°C, the diodes were passivated 

with a 1.0 µm SiO2 layer, and ohmic contacts were deposited on the anode and 

cathode and were annealed at 1000°C in Argon.  Finally thick Au layers 5 

10 

15 

20 

25 

were deposited on the anode and cathode contacts for current spreading and die-

attach.  

A photograph of a completed wafer is illustrated in Figure 13.  Furthermore, Figures 

14 and 15 illustrate on-wafer diode forward and the optimum reverse I-V 

characteristics of a 180 A diode.  The VF at 180 A was 3.5 V, and the reverse leakage 

current at 4.5 kV was 2.0 µA, or 1.1 µA/cm2.  There was a sharp increase in the 

reverse leakage current near 4.5 kV, showing well behaved avalanche breakdown 

characteristics.  On the best wafer (of two), five of the six 180 A diodes reached the 

blocking specification of less than 900 µA (0.5 mA/cm2) at 4.5 kV, and the overall lot 

yield was 8 diodes of 12.  This phenomenal single 

wafer device yield of 83% (or 67% total lot yield) demonstrates that extremely high 

power, discrete SiC devices are commercially feasible with current state of the art 4H-

SiC substrates, epitaxy, and device processing.  

  Results according to further embodiments of the present invention will now be 

discussed with respect to Figures 17 through 18.  Figure 17 is a graph illustrating 

pulsed forward current characteristics of a packaged 180 A (at 100 A/cm2), 4.5 kV 

4H-SiC PiN diode at 25°C and a maximum pulsed current of 420 Amps at 3.36 Volts 

forward bias.   Furthermore, Figure 18 is a graph illustrating Reverse I-V 

characteristics of a packaged 180 A, 4.5 kV 4H-SiC PiN diode at 25°C. 

In the drawings and specification, there have been disclosed typical 

embodiments of the invention, and, although specific terms have been employed, they 

have been used in a generic and descriptive sense only and not for purposes of 

limitation. 
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THAT WHICH IS CLAIMED IS: 

 

1. A Silicon Carbide (SiC) PiN Diode having a reverse blocking voltage  

(VR) from about 3.0 kV to about 10.0 kV and a forward voltage (VF) of less than 

about 4.3 V.   5 
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 2.   The SiC PiN Diode of Claim 1 having an average forward current (IF) 

of not greater than about 420 A.   

 

 3.   The SiC PiN Diode of Claim 2 having an average forward current (IF) 

of not greater than about 200 A.   

 

4.  The SiC PiN Diode of Claim 2 operating at a temperature of from  

about 25 °C to about 530 °C.   

 

5.   The SiC PiN Diode of Claim 4 having a VR of about 10.0 kV, an 

average IF of about 50 A, a reverse leakage current (IR) of about 0.5 mA, a VF of 

about 3.8 V, a reverse recovery time  (trr) of about 150 nsec and a reverse recovery 

charge (Qrr) of about 1.1 µC when operating at a temperature of about 25 °C.   

 

6. The SiC PiN Diode of Claim 4 having a blocking voltage (VR) of  

about 10.0 kV, an average IF of about 50 A, a reverse recovery time  (trr) of about 300 

nsec and a reverse recovery charge (Qrr) of about 1.6 µC when operating at a 

temperature of about 150 °C.   

 

7.   The SiC PiN Diode of Claim 1 having a forward current of about 2 A: 

wherein a plurality of SiC PiN diodes are provided on a single chip, the chip 

being about 2.8 mm by 2.8 mm; 

wherein the plurality of SiC PiN diodes have a VF of less than about 4.0 V, no 

less than about seventy percent of the plurality of SiC PiN diodes have a blocking 

voltage of about 6kV and a reverse leakage current (IR) of not greater than 1.0 

mA/cm2 and almost all of the plurality of SiC PiN diodes have a forward voltage drift 

of no greater than 0.1V.   
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8.   The SiC PiN Diode of Claim 7, wherein the chip has a total yield of no  

less than about seventy percent.   

 

9.   The SiC PiN Diode of Claim 1 having a forward current of about 5 A: 
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wherein a plurality of SiC PiN diodes are provided on a single chip, the chip 

being about 2.8 mm by about 4.85 mm; 

wherein the plurality of SiC PiN diodes have a VF of less than about 4.0 V, no 

less than about seventy one percent of the plurality of SiC PiN diodes have a blocking 

voltage of about 6kV and a reverse leakage current (IR) of not greater than 1.0 

mA/cm2 and no less than about ninety six percent of the plurality of SiC PiN diodes 

have a forward voltage drift of no greater than 0.1V.   

 

10. The SiC PiN Diode of Claim 9, wherein the chip has a total yield of no 

less than about sixty five percent.   

 

11.   The SiC PiN Diode of Claim 1 having a forward current of about 25 A: 

wherein a plurality of SiC PiN diodes are provided on a single chip, the chip 

being about 5.4 mm by about 5.4 mm; 

wherein the plurality of SiC PiN diodes have a VF of less than about 4.0 V, no 

less than about fifty percent of the plurality of SiC PiN diodes have a blocking voltage 

of about 6kV and a reverse leakage current (IR) of not greater than 1.0 mA/cm2 and no 

less than about eighty seven percent of the plurality of SiC PiN diodes have a forward 

voltage drift of no greater than 0.1V.   

 

12.  The SiC PiN Diode of Claim 11, wherein the chip has a total  

yield of no less than about forty three percent.  

 

13.   The SiC PiN Diode of Claim 1 having a forward current of about 5 A: 

wherein a plurality of SiC PiN diodes are provided on a single chip, the chip 

being about 8.65 mm by about 8.55 mm; 

wherein the plurality of SiC PiN diodes have a VF of less than about 4.0 V, no 

less than about sixty five percent of the plurality of SiC PiN diodes have a blocking 

voltage of about 6kV and a reverse leakage current (IR) of not greater than 1.0 
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mA/cm2 and no less than about ninety six percent of the plurality of SiC PiN diodes 

have a forward voltage drift of no greater than 0.1V.   

 

14. The SiC PiN Diode of Claim 13, wherein the chip has a total yield of 

no less than about sixty three percent.   5 
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15.  The SiC PiN Diode of Claim 1, wherein the SiC PiN Diode comprises  

a 4H SiC PiN Diode.   

 

16.   The SiC PiN Diode of Claim 15, wherein the SiC PiN Diode further  

comprises: 

an n-type SiC substrate;  

an n-type SiC drift layer on the n-type SiC substrate; and  

a p-type SiC Anode injection layer on the n-type drift layer. 

 

 17.   A 4H Silicon Carbide (SiC) PiN Diode having a reverse blocking 

voltage (VR) from about 3.0 kV to about 10.0 kV and a forward voltage (VF) of less 

than about 4.3 V, an average forward current of not greater than about 420 A and 

operating at a temperature of from about 25 °C and about 530 °C.   

 

18.   The SiC PiN Diode of Claim 17, wherein the SiC PiN Diode further  

comprises: 

an n-type SiC substrate;  

an n-type SiC drift layer on the n-type SiC substrate; and  

a p-type SiC Anode injection layer on the n-type drift layer. 

 

19.  A PiN Diode having a reverse blocking voltage (VR) of about 10.0 kV,  

a forward current of no greater than about 50 A and a forward voltage (VF) of less 

than about 3.8 V.   

 

 20.   The PiN Diode of Claim 19 having a reverse recovery charge of less 

than 5.0 µC when operating at a temperature of 25 °C.   
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 21. The PiN Diode of Claim 20, wherein the reverse recovery charge is 

less than 2.0 µC when operating at a temperature of 25 °C.   

 

 22.   The PiN Diode of Claim 21, wherein the PiN Diode comprises a 4H 

silicon carbide (SiC) diode.   5 

10 

15 

 

 23.   The PiN Diode of Claim 19 having a reverse recovery charge of less 

than 24.0 µC when operating at a temperature of 150 °C.   

 

 24. The PiN Diode of Claim 23, wherein the reverse recover charge is less 

than 2.0 µC when operating at a temperature of 150 °C.   

 

 25.   The PiN Diode of Claim 24, wherein the PiN Diode comprises a 4H 

silicon carbide (SiC) diode.   
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HIGH POWER SILICON CARBIDE (SIC) PIN DIODES HAVING LOW 
FORWARD VOLTAGE DROPS 

 

ABSTRACT OF THE DISCLOSURE 

Silicon Carbide (SiC) PiN Diodes are provided having a reverse blocking 

voltage (VR) from about 3.0 kV to about 10.0 kV and a forward voltage (VF) of less 

than about 4.3 V.   
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